Design and Analysis of Specimen and Device for Biaxial CCF Experiment  by Luo, Y.Y. et al.
 Procedia Engineering  67 ( 2013 )  506 – 516 
Available online at www.sciencedirect.com
1877-7058 © 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the National Chiao Tung University
doi: 10.1016/j.proeng.2013.12.051 
ScienceDirect
7th Asian-Pacific Conference on Aerospace Technology and Science, 7th APCATS 2013  
Design and analysis of specimen and device for biaxial CCF 
experiment 
Y. Y. Luoa, D. Q. Shia,*, X. G. Yanga 
School of Energy and Power Engineering, Beihang University, Beijing 100191, China 
Abstract 
Experiment devices and specimens are designed to simulate the combined cycle fatigue (CCF) phenomena occurred in fan and 
compressor blades of gas turbine engine. A uniaxial fatigue test machine is modified to conduct biaxial loadings through 
adding an electromagnetic shaker. Two plate specimens with or without middle platform are designed for CCF testing. The 
middle point of the specimen is chosen as the exciting point and two pins are used so that the interference between the two 
loading directions will be released. By means of FEA, it is approved that the system is suitable for CCF test of Titanium alloy 
and the similar materials. 
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Nomenclature 
CCF, HCF, LCF     Combined cycle fatigue, High cycle fatigue, Low cycle fatigue 
F1                   LCF load (Tension load) 
F2                   HCF load (Bending load) 
R                    Stress ratio of a cycle (
mi n maxV V ) 
t enV                    Tension stress 
benV                    Bending stress 
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1. Introduction 
Fan and compressor blades in gas turbine engine are subjected to a combination of low cycle fatigue (LCF) and 
high cycle fatigue (HCF) service-loads. The LCF stress mainly results from the centrifugal force formed by 
rotated blades. The HCF stress mostly comes from vibration, which is an outcome of periodical aerodynamic 
exciting force on blades and the resonation of blades under suitable condition. In fact, failure caused by CCF 
accounts for a great proportion of the failure in engine components, especially fan and compressor blades. In order 
to ensure good fatigue resistance and decrease the failure of these components, a deep study of CCF is necessary. 
In particular, experiment investigations on this subject have to be carried out to get plenty and reliable data for 
design procedure. 
In fact, the fan and compressor blades are mainly subject to radial LCF loading combined with lateral HCF 
loading. The former is cycled with a frequency lower than 1HZ. Meanwhile, the later acts as bending cyclic load 
with a much higher frequency, typically higher than 100HZ. However, most of CCF experiments are performed 
under uniaxial loading condition and round bar specimens are often used. In these tests, the HCF loading is 
applied along the same axial direction as the LCF loading and the frequency of HCF loading is less than the first 
natural frequency of blades. Such tests are insufficient to characterize CCF behaviors of both blades and materials. 
Therefore, CCF test that can apply these two perpendicular loadings is necessary to understand the interaction 
between HCF and LCF. As a result, new experiment that can apply such loading is required [1-2]. 
In European Union, the PREMECCY project was conducted by some institutions during past years. Advanced 
specimens and biaxial loading system were designed to investigate the CCF phenomena in gas turbine engine [3]. 
However, their specimen is hard to manufacture and the way of loading HCF load needs a very powerful shaker. 
This study aims to design some new experiment method to simulate the stress condition of blades under real 
operation, which can provide knowledge for better understanding the CCF behaviors, for example, the influence 
of LCF load on HCF strength and CCF life prediction.  
2. Experiment devices design 
It is impossible to carry out experiment completely simulating the real CCF loading conditions in engines 
because of the complex geometry of blades as well as the varying loads as shown in Fig 1 [4]. In present paper, 
study mainly focus on the tension and bending load at room temperature, since these two loads are the most 
crucial for the fatigue problem among these components. Typical CCF load on blades is HCF stress superimposed 
on the LCF stress as shown in Fig 2. To apply these two loads simultaneously and perpendicularly to each other, 
the way of loading in Fig 3 is adopted for the experiment. F1 represents LCF load and F2 represents the vibration 
load.  
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Fig.1.Load state of compressor blade 
 
 
                               Fig.2.CCF load (a) LCF; (b) HCF; (c) CCF 
Three dimension modeling software UG is used to create the original model of the experiment devices. As 
shown in Fig 4, the main body is the uniaxial fatigue test machine and specimen is clamped tightly between the 
upper and lower grip by the hydraulic force. A platform is added to the fatigue machine and it is mounted on the 
posts of the machine with four clamps. On one side of the machine, an electromagnetic shaker is fixed on the 
platform and the height of the platform can be adjusted so that exciting head of the shaker is in the same height 
with the middle point of specimen. Under the platform, there is a lifting rod supporting the shaker. Between the 
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shaker and the specimen a connection rod is adopted to pass exciting force. On the other side, there is a laser 
vibrometer used to monitor the vibration displacement of the middle point of the specimen through the hole on the 
middle clamp. With the finite element method, stress distribution can be simulated using the displacement got 
from the laser vibrometer. During the experiment, a copper plate must be adopted between the shaker and the 
fatigue test machine to protect the sensors of the machine from the influence of the magnetic field from the shaker. 
 
ġġġġġġġġġġġġġġġġġġġġġġġ     
ġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġFig.3.Loading direction                                Fig.4.Configuration of experiment setup 
 
While LCF load is applied and unloaded, the exciting point on the specimen will move in vertical direction. 
Though the displacement maybe very small, at a magnitude of 0.1mm, it may have an interference on the applying 
of HCF load. As in Fig 5, two pins are used to release the restrain between vertical and horizontal loading 
direction. When there is a displacement at the exciting point in vertical direction, the two pins adopted allow 
rotation of the connection rod, so that while LCF loading is changing the shaker can still apply HCF load on 
specimen. The two clamps in the middle are pressed tightly to the specimen face by two inside hexagonal bolts. 
 
1 fatigue test machine 
2 specimen  
3 connection rod 
4 electromagnetic shaker 
5 lifting platform  
6 laser vibrometer 
7 platform 
8 clamp 
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Fig.5.Connection of specimen and electromagnetic shaker 
3. Specimen design 
For the design of specimen, four key points must be considered: (a) stress distribution of specimen can well 
represent the stress state of real blade; (b) the first flap frequency of specimen must be high enough, since this 
frequency will be used as the HCF load frequency; (c) stress amplitude ratio between LCF and HCF must reach 
the value needed; (d) the zone where LCF and HCF stresses are highest should coincident with each other. After 
considering of these requirements, the failure point on the specimen can be controlled, so that the test can be 
carried out as designed 
In order to investigate the CCF of blade body and fillet radius at the platform, two kinds of specimens are 
designed, as is shown in Fig 6. The one (Specimen B) with mid platform is used to simulate the fillet radius at the 
platform of the blade, while the other one (Specimen A) simulates the airfoil. The middle part of the specimen is 
designed as the exciting face. In order to investigate the stress and mode shape of the specimen, FEA is carried out 
for the simulation. Since the two clamps in the middle are pressed tightly with the specimen and their existence 
can greatly change the frequency of specimen, in the finite element model they are simplified as a mass lump tied 
to the face of the specimen, as shown in Fig 7. 
  ġġġġġġġġġġġġ (a)  (b)  
                                      Specimen A              Specimen B       
                         Fig.6. Specimens                                           Fig.7.(a) FEA model; (b) Restrain and load condition 
9 mid clamp  
10 T-shaped clamp  
11 inside hexagonal bolt 
12 13 pin  
14 connection clamp 
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Finite element software ABAQUS is used for the analysis of the two specimens. In the analysis, titanium alloy 
TA11 which is widely used in gas turbine engine compress blades is chosen as the specimen material and its 
physical and mechanical properties at room temperature are shown in Table 1. For the clamps, 45 steel is chosen 
to be the material. Fixed restrain is applied to the low end face and the two clamping faces are restrained to have 
freedom only in vertical direction as shown in Fig 7(b). The tension load is applied on the upper end face and the 
bending load is applied on the middle clamp face. The specimen is about 190mm in length, and for the parallel 
part in the middle it is 30mm in width and 2mm in depth. 
Table 1 material properties 
Material U  (g/cm3) E(GPa) P  bV  (MPa) 
TA11 4.37 113 0.3 945 
45# steel 7.89 209 0.269 600 
 
Four steps are adopted in the analysis: tension analysis, modal analysis, transient modal dynamic analysis and 
the stress ratio computation. In the first step, tension, F1, just as shown in Fig 3, is applied to the specimen on the 
upper face. With the stress computed in step one, first twenty modal are analyzed in step two. After that, F2, a 
force with a sine wave and a frequency same with the first flap frequency, is applied on the middle clamp face 
horizontal as F2 shown in Fig. 3. At last, stress ratio of the results in step one and three is analyzed. 
In Fig 8(a), stress concentrates on the parallel part of the specimen and the distribution is homogeneous. The 
highest stress locates at the corner of the contact face between middle clamp and specimen. Since tie restrain is 
used here between the clamps and specimen face, the stress concentration is bigger than the real situation. In fact 
the contacted two faces will have relative displacement, so the stress at the contacted face will be more 
homogeneous just like the other parallel part of the specimen. As a result the middle parallel part is chosen to be 
the test part and failure will appear in this zone.  
(a)     (b)     (c)  
Fig.8.Analysis of specimen A (a) Distribution of tension stress; (b) First flap modal; (c) Modal of vibration after applying F2 
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Fig.9.Analysis of specimen A (a) Bending stress amplitude distribution; (b) Stress ratio distribution;(c) Bending stress response of point A 
With the stress got in step one, nature frequency and modal are analyzed. From Fig 8(b), the first flap modal is 
shown and the frequency is 871Hz. It is clear that in this modal the biggest displacement appears to locate at the 
middle clamp face which proves that the middle point is the best choice for the exciting, since it needs the 
minimum power of an electromagnetic shaker. The power is very important for this test, because if high frequency 
and suitable displacement are to be achieved, enough power is needed, however, the power of shaker available 
now is limited. Since the nature frequency of this modal will be adopt as the HCF load applied by the shaker, 
871HZ is big enough to simulate the real HCF load frequency on blades in operation.  
In step three, F2ˈwith a value of 80sin˄871*2±˅newton, is applied on the middle clamp face to represent 
the force generated by the shaker and direct damping of 0.05 is used from modal one to twenty. Fig 8(C) shows 
the vibration modal and 0.2758mm turns out to be the biggest displacement in the direction of F2. Bending stress 
distribution at the moment is shown in Fig 9(a) and in this figure the highest bending stress appears on the border 
of contact face where the tension stress is also the biggest. As a result, this zone is most likely to be the failure 
Point A 
A 
B 
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place. Bending stress response of point A is plotted in Fig 9(c) and it’s known that the range of HCF stress is 
about 240Mpa. 
In the last step, stress ratio R is computed by using Python script. Here tension stress in vertical direction in 
step one is considered as LCF stress and bending stress in step three is HCF stress. Then stress ratio of HCF is 
computed as follow: 
         mi n max
= = - ( ) + ( )t en ben t en benR abs absV V V V V Vª º ª º¬ ¼ ¬ ¼                                           (1) 
It is clear that the minimum R appears on two zones: zone A and B. In this CCF load, stress ratio of LCF is zero, 
while for HCF stress, LCF stress means mean stress and the stress wave superimposed on the LCF stress makes 
the cycle of HCF stress. So R is HCF stress ratio. With the same mean stress, the bigger the amplitude of HCF 
stress is, the smaller R is and it’s easier to fail. In the two zones where R is very small, only zone B can most 
probably be the failure place, because on zone A the LCF stress is very small. Actually from Fig 9(a) it’s known 
that the bending stress in the two zones is almost the same. As a result, the failure place can be ensured at the 
parallel part. As also can be seen in Fig 9(b), when a force with an amplitude of 80 N is applied, the smallest value 
of R is 0.6378. Since in a gas turbine engine blades, the typical ratio of HCF is seldom smaller than 0.5[5], the 
amplitude of F2 needed can be adjusted according to the test.  
After the four steps analysis, it is clear that this specimen meets the requirements and can well represents the 
stress state of airfoil. Then specimen B is analyzed according to the same procedure and results are plotted in Fig 
10. In Fig 10(a) and (b), the distributions of tension stress and first flap modal are similar to that of specimen one. 
The frequency of this modal is 742HZ, lower than that of specimen A. This is due to the increase of mass in the 
middle which decreases the nature frequency of the specimen. The vibration modal, bending stress distribution, 
the stress response of the chosen point and the distribution of R are similar to these of specimen A. Through the 
analysis, it is likely to know that the two specimens are suitable for the CCF test. 
(a)                (b)            (c)  
Fig.10.Analysis of specimen B (a) Distribution of tension stress; (b) First flap modal; (c) Modal of vibration after applying F2 
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Fig.11.Analysis of specimen B (a) Bending stress amplitude distribution; (b) Stress ratio distribution;(c) Bending stress response of point A 
4. Experiment conduct 
Typically, in aircraft engine blade the stress ratio of LCF is 0 and it is always bigger than 0.5 for HCF, so 
suitable LCF and HCF stress should be chosen for the test. Before conducting the experiment, numerical analysis 
of specimen can help estimate the value and frequency of the loads. Take specimen B in part three for example, as 
shown in in Fig 12, it’s clear that the first flap frequency is increasing with the increase of F1. According to the 
LCF load adopted, appropriate frequency of HCF load should be identified according to the curve. From Fig 13, 
amplitude of F2 can be chosen, so that ratio of HCF stress will be reached. 
Point A 
B 
A
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Fig. 13 Amplitude of F2üstress amplitude (RHCF) in point A 
Through the analysis of specimen, some parameters of the experiment can be indentified, however, since even 
the most accurate numerical computation has some difference with the reality, vibrometer or dynamic 
strainometer must be used so that the real stress can be monitored. As shown in Fig 14, a little diviation from the 
resonant frequency will cause great difference in the stress response. So the strain or displacement monitored can 
not only reflect the real vibration state, but also help judge whether the frequency is the resonate frequency. With 
all these factors considered, CCF experiment can be conducted.  
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Fig. 14 Frequency of F2üstress amplitude in point A 
5. Conclusion 
Experiment devices and specimens are designed to study the CCF phenomena occurred in fan and compressor 
blades in gas turbine engine. A uniaxial fatigue test machine is modified to conduct biaxial loadings through 
adding an electromagnetic shaker. Two plate specimens with or without middle platform are designed for the 
experiment. The middle point of the specimen is chosen as the exciting point and two pins are used so that the 
interference between the two loading directions will be released. By means of FEM, they are proved to be suitable 
for CCF test of Titanium alloy. 
The device develop is suitable to simulate the CCF of fan and compressor blades in aircraft engine. However, 
more complicated conditions, including high temperature, blade-like specimens, can be considered through some 
modifications. And these are the future work in our research group. 
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